Water Abundance of Dunes in Gale Crater, Mars From Active Neutron Experiments and Implications for Amorphous Phases by Gabriel, T. S. J. et al.
GEOPHYSICAL RESEARCH LETTERS
Supporting Information for “Water abundance of dunes in Gale
crater, Mars from active neutron experiments & implications for
amorphous phases”
Contents of this file
1. Text S1 to S1
2. Figures S1 to S6
3. Tables S1 to S3
4. References
Introduction This Supplementary Information includes
two distinct materials: (1) a description of the data pro-
cessing pipeline for active DAN measurements and (2) sup-
porting figures and tables for the main manuscript. All data
products for the DAN instrument used in the preparation of
this manuscript are hosted publicly on the Planetary Data
System (PDS) (www.pds.nasa.gov). Tools for preprocessing
of binary data products to (raw) active DAN count data are
also available as part of the PDS.
Text S1. Measured data from the CTN and CETN detec-
tors, DCTN and DCETN respectively, are compared to those
provided by MCNP6 models of the experiment, MCTN and
M
CETN respectively. Using the Monte Carlo N-Particle 6
(MCNP6) transfer code, the DAN active experiment will be
modeled several times, each model will vary some aspect
of the geochemistry of the martian subsurface. Often the
hydrogen content will be varied, while all other elemental
abundances and rover components are kept constant. The
abundance of other major rock-forming elements are sourced
from APXS experiments (see Table S1). A set of models,
with variable hydrogen and other free parameters, are then
compared to the measurement in order to find a ‘best-fit’
model [e.g. Mitrofanov et al., 2014; Sanin et al., 2015].
Unlike in the MCNP6 models for active DAN experi-
ments, where the PNG is the only source of neutrons, the
actual active DAN experiment on Mars is subject to back-
ground signal. This signal is due to both cosmic-ray bom-
bardment that produces thermalized neutrons and the alpha
decay of 238-plutonium from the Multi-Mission Radioiso-
tope Thermoelectric Generator (MMRTG) which is the pri-
mary power source for the Curiosity Rover. This back-
ground signal is constant over the course of a ∼20-minute
active DAN experiment and can be directly computed from
neutron die-away curves by taking advantage of the design
of the detector integration time [Sanin et al., 2015]; after the
decay of thermal neutrons returning from the subsurface af-
ter a single pulse, the detectors remain on for some time to
detect the background signal. Although Sanin et al. [2015]
describes the correction of background used herein, we out-
line these steps for completeness. Long after the peak arrival
of thermalized neutrons, the DAN detectors continue inte-
grating for a total time of 100,000 µs in 64 time bins. These
late time bins can be used to compute a background count
rate which can then be subtracted from the spectra [Sanin
et al., 2015]. Using the time bins from Sanin et al. [2015],
bBGi =48 and b
BG
f =63 (counting from 1, with endpoints in-
cluded), we first compute the total number of counts in late
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time bins in both detectors,
CCTNBG =
bBGf∑
bBG
i
D
CTN
CCETNBG =
bBGf∑
bBG
i
D
CETN,
and divide the count number by the total elapsed time from
bin 48 to 63, ∆tBG = 54278.7 µs,
C˙CTNBG =
CCTNBG
∆tBG
C˙CETNBG =
CCETNBG
∆tBG
.
The uncertainty in the background count rate is also com-
puted,
δCTNBG =
1
∆tBG
√√√√√b
BG
f∑
bBG
i
(δDCTN)
2
δCETNBG =
1
∆tBG
√√√√√b
BG
f∑
bBG
i
(δDCETN)
2,
where δD is the 1σ uncertainty in the DAN count data D.
We assume the count data follows the Poisson distribution,
i.e. δD =
√
D.
Then the contribution of background is removed from
each bin according to the background count rate for the
particular detector and the time elapsed in each bin, i.e.
the width of the corresponding time bin,
D
′
CTN = DCTN − C˙CTNBG ∆t
D
′
CETN = DCETN − C˙CETNBG ∆t.
The uncertainty in this computation is also propagated for
each time bin,
δ
′
DCTN
=
√
(δDCTN)
2 + (δCTN
BG
∆t)
2
δ
′
DCETN
=
√
(δDCETN)
2 + (δCETN
BG
∆t)
2
and the effect of background subtraction is demonstrated in
Figure S2.
Since the overall shape of neutron die-away curves are in-
dicative of subsurface geochemistry [Hardgrove et al., 2011]
we compare the shape of die-away curves for the time bins
that demonstrate the most dynamic range with respect to
changing subsurface geochemistry [Sanin et al., 2015]. The
time bins used herein are similar to those in Sanin et al.
[2015], bCTNi =18 and b
CTN
f =34 in the CTN detector, and
bCETNi =13 and b
CETN
f =17 in the CETN detector (counting
1
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from 1). We first normalize the MCNP6 count tally data to
that of the DAN data in the time bins of interest, effectively
translating the model tally data into count space. First,
we compute a sum of the detector data separately for both
detectors,
UCTN =
bCTNf∑
bCTN
i
D
′
CTN
UCETN =
bCETNf∑
bCETN
i
D
′
CETN.
The uncertainty of the sum is also computed,
δUCTN =
√√√√√b
CTN
f∑
bCTN
i
(
δ
′
DCTN
)2
δUCETN =
√√√√√b
CETN
f∑
bCETN
i
(
δ
′
DCETN
)2
.
Then, we compute the same sum of the model data, sepa-
rately for both detectors,
V CTN =
bCTNf∑
bCTN
i
M
CTN
V CETN =
bCETNf∑
bCETN
i
M
CETN.
The uncertainty of the sum is also computed,
δV CTN =
√√√√√b
CTN
f∑
bCTN
i
(δMCTN)
2
δV CETN =
√√√√√b
CETN
f∑
bCETN
i
(δMCETN)
2.
By dividing both sums, U and V , we arrive at the conversion
factor X that converts tally data to count space,
XCTN =
UCTN
V CTN
,
XCETN =
UCETN
V CETN
,
with error propagated as such:
δXCTN =
UCTN
V CTN
√(
δUCTN
UCTN
)2
+
(
δV CTN
V CTN
)2
δXCETN =
UCETN
V CETN
√(
δUCETN
UCETN
)2
+
(
δV CETN
V CETN
)2
.
Then the tally data from MCNP6 models are normalized,
M
′
CTN = MCTNXCTN
M
′
CETN = MCETNXCETN
and the error is propagated,
δ
′
CTN
M = M
CTNXCTN
√(
δMCTN
MCTN
)2
+
(
δXCTN
XCTN
)2
δ
′
CETN
M = M
CETNXCETN
√(
δMCETN
MCETN
)2
+
(
δXCETN
XCETN
)2
.
At this point, the normalized model data, M
′
, can be com-
pared to background subtracted data, D
′
, from an active
DAN experiment.
Instead of minimizing the χ2 parameter as a means of
finding a best-fit model, as is performed in Mitrofanov et al.
[2014]; Sanin et al. [2015], we employ a Markov Chain Monte
Carlo (MCMC) method [Foreman-Mackey et al., 2013] to
maximize the likelihood function, or more specifically mini-
mize the negative log of the likelihood function:
L = −1
2
N∑
i
(
(Ci −Mi(p0, p1, ..., pN )
σ2i
+ ln(2piσ2i )
)
,
where Ci is the measurement data, Mi an interpolant of
the modeled data as a function of the free parameters, e.g.
H abundance, and the sum is taken over the range of time
bins in the CTN detector shown in Figure S3. We have
found that the CETN detector is not diagnostic, i.e. lacks
dynamic range over the parameters of this study, and thus
it is excluded from this analysis. The variance of the data
and the model in each time bin is captured by the σ2i term,
σ2i = δC
2
i + δM2i (p0, p1, ..., pN ) + f2,
where δCi is the uncertainty of DAN data and δMi is the
uncertainty in the modeled spectra. Our MCNP6 models
simulate 2.5e9 particles which provides <<5% relative error
in modeled spectra for the time bins of interest. We conser-
vatively set δMi to be a constant 5% relative error. A new
free parameter has been introduced, f , which represents the
underestimation of the count uncertainty. Larger values of
this parameter indicate either poor statistical convergence in
the model, poor statistical convergence in the measurement,
and/or a poor overall fit of the model to the data, i.e. in-
accurate model assumptions; however, in our study we find
reasonable values of f , i.e. f is less than a few percent of
the counts in DAN spectra. In sum, the MCMC routine will
find the combination of hydrogen abundance and other free
parameters, e.g. depth, that best fits the observed spectra,
while also accounting for underestimated uncertainties.
The computational resources to generate a synthetic
model of active DAN spectra using the MCNP6 code is
not insignificant, on the order of several hours per model
on ∼100 core compute clusters and on the order of days on
modern desktops. Thus the generation of model data cannot
occur ‘in line’ with the MCMC routine, but rather a ‘grid’
of models are generated beforehand. A model grid is com-
posed of models that vary the free parameters, p0, p1, ..., pN ,
to discrete values for which we are trying to find a non-
discrete ‘best-fit’ value of the free parameters. In the case
of DAN, examples of free parameters include hydrogen con-
tent, depth of a geochemically-distinct top layer, bulk den-
sity, etc. In the analysis to determine the water content of
the local (Murray formation) bedrock performed herein, we
allowed only hydrogen content to vary, from 1 WEH to 6
WEH in increments of 0.2 WEH.
Once a model grid is simulated, an interpolant is gen-
erated, M(p0, p1, ..., pN ), which allows the MCMC routine
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to produce modeled active DAN spectra at non-discrete pa-
rameter values. We choose to employ a linear interpolant,
which assumes the behavior of the count rate as a func-
tion of the free parameter is linear, for a given bin, between
discrete increments of the parameters. This assumption is
appropriate when the free parameters have sufficient resolu-
tion; we find a resolution of 0.2-0.4 WEH is an appropriate
sampling resolution for bulk water content and 5-10 cm is
an appropriate sampling resolution for depth.
Before comparing the model grid to data, the MCMC rou-
tine requires an a priori ‘guess’ of the free parameters for
each walker. We found the results of this study are rather in-
sensitive to the initial conditions, provided the MCMC rou-
tine is allowed sufficient iterations. The a priori (mean and
1 standard deviation) for the water content of the bedrock
in the homogeneous model was 3.0 ± 0.3 WEH. For the
two-layer models, the a priori for the dune hydrogen was
1.0 ± 0.3 WEH and the a priori for the depth was 40 ±
10 cm. In both cases the a priori for the parameter f was
40 ± 10 counts. We simulated 8Np walkers, where Np is
the number of free parameters; Np = 1 in the case of the
bedrock model analysis (variable hydrogen in a single layer)
and Np = 2 in the case of the dune analysis (variable hy-
drogen in the top layer, variable thickness of the top layer).
We allowed the walkers to perform 10,000 steps (iterations)
in the parameter space before the routine is halted. The
mean and standard deviation of the free parameters are de-
termined using the last 9,000 positions of each of the 8Np
walkers. The a posteriori distribution of the free param-
eters, which is composed of the 9,000 walker positions, is
shown in a series of projections in Figures 1 and S4.
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Table S1: Shown are the H-free elemental abundancesa in wt% for drill targets. Values were converted from oxide
abundances provided by APXS experiments of drill tailing piles. The last row shows that the geochemistry of active dune
sands are within 2 standard deviations in macroscopic absorption cross section, resulting in similar signatures in DAN
spectra. To compute the uncertainty on ξabs we assumed no uncertainty on σabs and used (1σ) oxide uncertainties from
APXS data productsb. Compositions were renormalized to include the water content of the simulation.
Drill Sites
Element Sebina Gobabeb
Dump Pile B
Ogunquit
Beach
σabs [barns]
b
Cl 1.06 0.498 0.530 33.5
Mn 0.124 0.333 0.318 13.3
Br 0.0104 0.00810 0.00310 6.90
Ti 0.659 0.408 0.558 6.10
Ni 0.102 0.0696 0.0488 4.49
Cr 0.205 0.166 0.349 3.05
Fe 14.2 15.4 15.3 2.56
K 0.689 0.334 0.382 2.10
Zn 0.0814 0.0152 0.0241 1.11
Na 1.49 1.28 1.91 0.53
S 3.66 1.17 1.38 0.53
Ca 5.10 4.77 5.15 0.43
Al 4.59 4.17 4.98 0.231
P 0.266 0.343 0.327 0.172
Si 21.6 21.6 21.1 0.171
Mg 2.56 6.93 5.30 0.063
O (remainder)c 43.6 42.5 42.340 0.00019
ξabs ± 1σ [barns]d 0.902 ± 0.011 0.731 ± 0.015 0.757 ± 0.009
a Isotopic abundances of each element, required for the MCNP6 input file, are computed assuming terrestrial abundances
[Berglund and Wieser , 2011].
b σabs is the absorption cross section of an element (assuming terrestrial isotopic abundances) and is provided by Sears [1992]
for 2,200 m/s neutrons.
c Since APXS provides all major rock-forming elements, we assume the remaining species is oxygen.
d The macroscopic absorption cross section, ξabs = σabs,iai/Σiai, is a measure of a rock’s ability to suppress thermal
neutrons. Values of ξabs can thus be used to discern whether rocks will have similar neutron spectra for a constant H
content.
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Table S2: Shown are the amorphous phases used in the modeling herein and their associated geochemical abundances in wt%. The chemical formula
represents the dehydrated form of each phase from which the water-free abundances were computed. The abundances of each phase are renormalized to
account for the water content listed in the last column.
Amorphous
phase
Formula SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5 SO3 H2O
Basaltic
glassa
N/A 46.91 0.56 10.92 19.21 0.42 10.64 8.01 2.56 0.10 0.57 - 0.10c
Rhyolitic
glassb
N/A 71.06 0.30 16.87 1.02 - - 0.34 8.38 1.94 - - 0.10c
Opal SiO2 98.50 - - - - - - - - - - 2.0
d
Ca
phosphate
Ca3(PO4)2 - - - - - - 54.24 - - 45.76 - -
K
sulfate
K2SO4 - - - - - - - - 54.06 - 45.94 -
Na
sulfate
Na2SO4 - - - - - - - 43.64 - - 56.36 -
Fe
sulfate
Fe2(SO4)3 - - - 31.44 - - - - - - 47.29 21.27
Mg
sulfate
MgSO4 - - - - - 26.12 - - - - 51.88 22.00
Allophane Al2O3(SiO2)1.5 49.63 - 43.87 - - - - - - - - 6.50
e
Hisingerite Fe2O3SiO2 26.63 - - 70.77 - - - - - - - 2.60
f
Ferrihydrite Fe2O3 - - - 96.00 - - - - - - - 4.00
e
a Water-free abundances sourced from Filiberto et al. [2008] b Water-free abundances sourced from Varela et al. [2000] c Water abundance sourced from Filiberto and
Treiman [2009] that estimated parent magmas of martian meteorites to have <0.3 wt% H2O
d Water abundance computed from bulk water content reported by in situ
EGA experiments of primarily opaline material in Gale crater [Rapin et al., 2018] e Water abundance sourced from Rampe et al. [2016] f Water abundance sourced from
follow-on experiments from Rampe et al. [2016]
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Table S3: Shown are the Cl- and Cr-free oxide abundances estimated for the amorphous component of the Ogunquit
Beach sanda. Compositions were calculated for the minimum, 33 wt%, and maximum, 55 wt%, esimates of the X-ray
amorphous material in the sample [Rampe et al., 2018]. Deriving geochemical abundances for the amorphous fraction
requires assumptions about the geochemistry of crystalline phases, e.g. assuming an Mg content of pyroxene, and an
assumption on the amorphous fraction, e.g. assuming amorphous material composes 33 wt% of the bulk [e.g. Rampe et al.,
2018]. However, we do not attempt to address the effects of varying the former, but reserve that for future study. As such,
the range of abundances reported in the table represent the minimum range of oxide abundances. To account for this,
‘good fit’ models fall within 2 times the range of the oxides reported for the minimum and maximum amorphous fraction
assumptions (e.g., the SiO2 range is 43.58 wt% – 49.63 wt%). These constraints are not applied to Mn and Ti since olivine
and pyroxene compositions, reported as Fe-Mg and Fe-Mg-Ca solid solutions in Rampe et al. [2018], do not account for the
presence of trace elements possible in the mineral structures. Furthermore, minerals in abundance of <1 wt% are below the
CheMin instrument detection limit. Thus, trace elements in major crystalline phases and those comprising undetectable
crystalline phases are included in the calculated amorphous composition.
Amorphous fraction
Oxide 33 % 55 %
SiO2 46.00 47.21
TiO2 2.90 1.73
Al2O3 5.10 8.38
FeO 25.80 20.86
MnO 1.12 0.67
MgO 0.00 4.58
CaO 4.06 5.96
Na2O 3.02 2.94
K2O 1.84 1.09
P2O5 2.37 1.41
SO3 7.78 5.18
a Crystalline phase compositions are reported in [Rampe et al., 2018].
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Figure S1: Shown is a map of the Bagnold campaign; dark material is part of the
larger Bagnold Dunes. The active DAN dune measurement at Mount Desert Island is
shown as a blue circle; this is the location of the Ogunquit Beach target. Locations
of DAN measurements used to determine the water abundance of the local bedrock
are shown as red squares. The inset shows phase 1 in context with phase 2 and the
Sebina drill target. Rover stops and associated sols are shown as red circles and green
text respectively.
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Figure S2: Shown are plots of background-subtracted active DAN data. Thin and thick lines represent
data from the CETN and CTN detector, respectively. (Top) Neutron die-away curves from bedrock
measurements at the same location on sols 1669 and 1671 (red lines) were coadded to produce a more
statistically converged curve (black lines). (Bottom) The same coadding process was performed for the
two dune measurements at Mount Desert Island on sol 1659. The peak of thermal neutrons in the
CTN detector for the off-dune measurement (top) is not featured in the on-dune measurement (bottom),
indicating the on-dune measurement detected less H. The thin and thick vertical lines mark the bounds
of the time bin ranges used in data-to-model comparative analyses of the CETN and CTN detectors,
respectively.
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Figure S3: Shown are raw DAN die-away data (top) and background subtracted die-away data (bottom) for the
coadded data from sol 1669 and 1671. Early-arriving neutrons are directly scattered from the rover body and are
not diagnostic of subsurface geochemistry [Mitrofanov et al., 2014; Sanin et al., 2015]. Late-arriving neutrons are
successfully removed through the background subtraction procedure (bottom).
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Figure S4: Shown are the a posteriori distributions of the fitted parameters
determined from models of a homogeneous Sebina (Murray) composition. The
marginalized distributions are projected as histograms along the diagonal. The
mean and standard deviation of the hydrogen content is 4.20 ± 0.51 WEH
and f=35 ± 13 counts, with a correlation coefficient of 0.03 between the two
parameters.
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Figure S5: Distribution of the ChemCam hydrogen peak area (Normalized to O
peak area at 778 nm) [Rapin et al., 2017] for the soils and dune materials. Soils
refers fine-grained soils analyzed using the “blind target mode” [Cousin et al.,
2017]. Dunes phase 1 and phase 2 correspond to all Laser Induced Breakdown
Spectroscopy data obtained on Bagnold Dune sand in the phase 1 and phase
2 campaigns. Due to a number of points obtained with a poor laser focus, a
threshold was applied to remove spectra with low intensity. Cousin et al. [2017]
showed similar results on the hydrogen signal using the hydrogen ICA score
[Forni et al., 2013] and here we extend the result to the Bagnold Dunes phase
2 measurements using the hydrogen peak fitting method.
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Figure S6: Shown are abundances of opal and rhyolitic glass (top),
as well as opal and ferrihydrite (bottom) for the 10,000 amorphous
composition models shown in Figure 2. Grey points represent mod-
els that do not fit the DAN-derived water abundance of the amor-
phous fraction and colored points represent models that fit all con-
straints. Opal and rhyolitic glass are shown to be anticorrelated
whereas opal and ferrihydrite are correlated.
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